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Application of the compatibility factor to the design of segmented
and cascaded thermoelectric generators
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Using thermoelectric compatibility, efficient thermoelectric generators are rationally designed. With
examples, compatible and incompatible systems are explained and materials proposed for targeted
development. The compatibility factor explains why segmentation of (AgSbT€GeTe) g5

(TAGS) with SnTe or PbTe produces little extra power, while filled skutterudite increases the
efficiency from 10.5% to 13.6%. High efficiency generators are designed with compaije

La,Te;, and similarp-type material, while incompatible SiGe alloys actually reduce the efficiency.

A refractory metal with highp-type thermopower(>>100 uV/K) is required for development.
Cascaded generators avoid the compatibility problem. The thermoelectric potential provides a
simple derivation of the cascading ratio. @04 American Institute of Physics.

[DOI: 10.1063/1.1689396

The efficiency of a thermoelectric generator is governedcportant for segmented generators because the thermoelectric
by the thermoelectric properties of the generator materialsnaterial properties may change dramatically from one seg-
and the temperature drop across the generator. The temperaent to another. Other factofsot considered heyenay also
ture difference AT, between the hot sideT() and the cold affect the selection. These include thermal and chemical sta-
side (T.) sets the upper limit of efficiency through the Car- bility, heat losses, coefficient of thermal expansion, process-
not efficiencyzn.=AT/T,. The thermoelectric material gov- ing requirements, availability and cost. For this analysis, we
erns how close, the efficiency can be to Carnot primarilyconsider only the thermoelectric properties in the one-
through the thermoelectric figure of meri, defined byz ~ dimensional heat flow problem. The following examples
= a?/kp. The relevant materials properties are the Seebecfemonstrate how the materials selection can be made ratio-

coefficienta, the thermal conductivity, and electrical resis- Nal by considering botz ands.
tivity p, which all vary with temperature. To provide quantitative results that are easy to compare,
Thus, to achieve high efficiency, both large temperaturdn€ single element(n- or p-type) efficiencies were

differences and a high figure of merit materials are desireccalculated: The overall efficiency is close to the average of
Since the material thermoelectric properties p, «) vary then- andp-type single element efficiencies. To calculate the

with temperature, it is not desirable or even possible to us¥anation ofu(T) with temperature, the differential equation

the same material throughout an entire, large temperature d(1/u) 1 du da
drop. Ideally, different materials can segmentedogether T - Ras —Td——
(Fig. 1), in that a material with high efficiency at high tem- T utdT T

perature is segmented with a different material WiFh highyerived from the heat equation, must be solved. For compu-
efficiency at low temperature. This way, both materials ar&ation, this can be approximated by combining the zero

operating only in their most efficient temperature range.  Thomson effect da/dT=0) solution with the zero resis-
We have showhthat for the exact calculation of thermo- tance px=0) solution.

electric efficiency, the thermoelectric compatibility must also
be considered. The maximum efficien@etermined by) is
only achieved when the relative current density(ratio of
the electrical current density to the heat flux by conduction:
u=J/«kVT) is equal to the compatibility facts=(\I+zT
—1)/aT.

In an efficient generator the relative current density is
roughly a constant throughout a segmented elen(igpi-
cally u changes hy less than 209 hus, the goal is to select
high figure of merit materials that have similar compatibility
factors. If the compatibility factors differ by a factor of 2 or ;
more, a givenu cannot be suitable for both materials and !

upk, 1)
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segmentation will not be efficient. Compatibility is most im- bwwlr, tbwwr,
FIG. 1. Schematic diagram comparing segmented and cascaded thermoelec-
¥Electronic mail: jsnyder@jpl.nasa.gov tric generators.
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FIG. 2. Figure of meriizT) for p-type materials.
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FIG. 3. Compatibility factor(s) for p-type materials.

A compatible and high efficiency material to segment

with TAGS is p-type filled skutterudite such as

Ceyg5e3:CoysSh, (CeFgShy, in Figs. 2 and 3 Filled
skutterudite produces over twice the increase in efficiency
éTabIe ) compared to SnTe.

Further increases in efficiency of PbTe/TAGS generators
can be achieved by segmenting with bpthandn-type skut-
terudite (CeFgSbh;, and CoSh) and increasing the hot side
temperaturde.g., to 700 °C in Table)!

For the highest efficiency, it is necessary to use the high-
est temperature difference possible because of the Carnot
, . factor. The thermoelectric hot side in a thermoelectric gen-
The subscripté andc denote the value at the thermoelectric erator used for space applications can achieve 1000 °C.
hot or cold sidg T, =hot side temperaturey, = a(Ty)]. Many of the refractory materials with highT, such as SiGe

As the first example, consider the TAGS-SnTe S€0%r poron carbidé, have low electrical conductivity with a

Lnented p-;ype therr?o”electric genelralifzr Klement th_a%_ha%igh Seebeck coefficient, and therefore low compatibility
een used successiully on severa SA space mis IOnsl‘actors(SiGe, Figs. 2—b The low compatibility factors re-

The_ T’.A‘G? brr}aterisaég(fnglTQ)0.1?(Ge|Te)).85] must l_be duce their suitability for segmentation with PbTe, TAGS, or
r_nalntalne_ elow Gor lower for long term app |ca})— skutterudite materialg-type SiGe is so incompatible, that a
tions), vyh|le the PbTen-type element can operate to 600 °C. decrease in efficiency would actually ocddable ).

To tac_h |Ie _ve 3 d682 (t:h S)_/rit\emi a setg\ijentsc;fSanc;mG%tgeo c Rare earth chalcogenidésparticularly Le&Te;g,5 not
material is added to the TAGSleg between an " only have highzT, but also have highes compatible with

From zT (Fig. 2), it appears thap-type PbTe would be a ; : ; :
better choice than SnTe for the 525600 °C segment. HOWE’bTe and skutterudite thermoelectric materials. Segmenting

ever, the compatibility factofFig. 3) for p-PbTe drops much ggf/f t\gltfg)lé%/z% results in an increase in efficiency from
lower than that of TAGS, and segmentation actually results For the high temperaturg-type element, a highaT ma-

Inagb(ijlicr?aistirl?oe'lf'rbl\%esn(cr?igreiglj:gigﬁ;iiigllgﬁgrtﬁarsn- terial that is also compatible with PbTe, TAGS, or skutteru-
P y 9 géte has not been identified. To utilize JTe&; in the n ele-

produces a higher efficiency segmented generator, despiment some high temperatupetype material must be used
the lowerzT, compared to PbTe. By alloying PbTe and SnTe, " gh temp ype mater '
. L : Even if the material has lowT~0.5, it will produce some
a more compatible material is produced with acceptable o . . )
power,as long as it is compatibld=or a material with a low

and this is used in actual TAGS generators. zTto be compatible with PbTe, TAGS, or skutterudite it must
haves>1.5V !, ideally s~3 V1. Sinces~z/2a, thezT
~0.5 material cannot be a high Seebeck coefficient band or
polaron semiconductor.

whereAa=a(T,) —a(T;) and px denotes the average of
pk betweenT; andT,. Equation(2) is also valid to calculate
the change i at the interface between segmented material
wherea is discontinuous 4 T=0,Aa+#0).

Onceu(T) is known, the efficiency of a single thermo-
electric elementn or p type) can be calculated from

a T+ 1

7]:1_ ahTh+ 1/Uh' (3)

TABLE I. Maximum single element efficiencies for thermoelectric genera-
tors.u(T,) is the relative current density that gives the maximum efficiency.

EfﬁCiency Tc Tinterface Th U(Tc)

Material (%) cC)  (C) (O (VY i

p-TAGS 10.45 100 525 2.97 121 n-Type zT

p-TAGS/PbTe 1033 100 525 600  2.33 .

p-TAGS/SnTe 11.09 100 525 600  2.84 AR

p-TAGS/CeFgSh, 11.87 100 525 600  2.94 Sosl

p-TAGS/CeFgSh, 1356 100 525 700  2.88 5

p-SiGe 423 525 1000 085 g 06

p-TAGS/SiGe 989 100 525 1000 1.2 Zoal

n-PbTe 987 100 600 —2.00 02t

n-pbTe/CoSh 1130 100 600 700 —1.97

n-PbTe/SiGe 1376 100 600 1000 —1.46 00} e TR
n-PbTe/LaTe, 1556 100 600 1000 —1.80 Temperature (°C)
n-SiGe 544 600 1000 —1.29

FIG. 4. Figure of meritzT) for n-type materials.
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6.0 - - cinctly by using the thermoelectric potentidl=«T+ 1/u
7 :’2 5 n-Type s (Ref. 1. The rate of heat entering or existing a thermoelec-
% ' Factor tric couple is simply the currerttimes the sum of the ther-
;3‘0 moelectric potential for th@ andp elements:
1 1D @, T+ 2 T— = 4
E = = [N -,
8 Qcouple couple ap Up an u, (4)

1.0

- s . ‘ which includes the Peltier and conduction heat tefhg
200 400 600 800 1000 . . . . . .
Temperature (°C) Peltier contribution is missing in Ref.).7
For maximum efficiencyu will be approximately equal
to s. Equating the heat fronN; stage 1 couples witiN,

stage 2 couples, operating with the same electrical cutrent
Materials with highz ands have thermoelectric proper- gives:

ties typical of highe metals. In a metal, the thermal conduc-

(=3

FIG. 5. Compatibility factor(s) for n-type materialgnegative.

tivity is dominated by the electronic contribution given by aypT+ i_ ay T— i

the Wiedemann-Franz lawk,=LT/p, where L~2.4 No @, ™ sy ™7 Sin ®)
X108 V?/K2. The compatibility factor s~a/(2kp) N, @, 1 1

~a/(2LT) would then be appropriate if is greater than azpT+ Sop aznT— Som

100 pV/K at 1000 K. I]'he approximation where the thermoelectric propefties,

Thus, the material that is most necessary for the deve ) are constant with respect to temperature is given b
opment of high efficiency thermoelectric generators is a reX P P 9 y

. ; Harman® For SiGe cascaded with TAGS/PbTe, the optimum
;ir;(:r?tryrgl}?;eli?e e;zl_t\)//vgg 3;33;102{;\?;29hWSh(iaCehb(re];l;C((:oef cascading ratio is 2.21, so that there should be about twice as
andp increasing linearly witr ' many TAGS/PbTe couples as SiGe couples. With this cas-

The compatibility issue can be avoided by cascading cading ratio, the efficiency of the generator can achieve the
[ 0, i-
stead of segmentinga thermoelectric generator. In a cas- fnuanOf ftfri]ei t\r/lvo st?ges,t10.3i99/e¢.39r/:(—ir;4t.7l8 At)r(]the \r/nar1X| f
caded systen{Fig. 1) there are, in principle, independent thg . an e—tcyeOeISnfe?')?ze S approximately the average o
electrical circuits for each stage, allowing for independent P-typ
values ofu. In this way, different, optimal values ofcan be The author thanks Katherine Whitehead for program-

used for each stage. ming the calculations; Tristan Ursell for preliminary work,

In practice, it is best not to connect the high temperatureyseful discussions, and Fig. 1; Ben Heshmatpour for TAGS,
stages directly to the load. Such connectors would be ineffippTe, and SnTe data; Jean-Pierre Fleurial for SiGe data; and
cient, because if they have low electrical resistance they Willhjerry Caillat for skutterudite data. This work was carried
conduct heat away from the hot siddue to Wiedemann- oyt by the Jet Propulsion Laboratory, California Institute of
Franz law; if they have high electrical resistance, there will Technology, under contract with NASA.
be additional Joule losses. To avoid such losses, the electrical
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